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Charge fluctuations in the quasi-one-dimensional material Li0.9Mo6O17 are analyzed based on a multiorbital
extended Hubbard model. A charge-ordering transition induced by Coulomb repulsion is found with a particular
charge-ordering pattern. The metallic phase is characterized by the presence of a charge collective mode
which softens signaling the proximity to the charge order transition. We argue that the scattering between
electrons mediated by these charge fluctuations can lead to non-Fermi liquid behavior in a quasi-one-dimensional
system consistent with the unconventional metallic behavior observed above the superconducting transition in
Li0.9Mo6O17.
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I. INTRODUCTION
Charge-ordering phenomena are relevant to a wide range
of strongly correlated materials including copper-oxide (high-
temperature) superconductors [1–5], manganites [6], sodium
cobaltates [7], and the layered quarter-filled organic molecular
conductors [8]. In particular, for the cuprate superconductors
charge ordering has been found in the pseudogap region
in close proximity to the superconducting phase raising
questions about its relevance to the high-Tc superconductivity
[9].
The purple bronze Li0.9Mo6O17 is a quasi-one-dimensional
material which displays behavior consistent with a Luttinger
liquid (LL) [10–12] in a wide temperature range. When
temperature is decreased an upturn of the resistivity occurs
at Tm ∼ 20 K and the material becomes superconducting at
lower temperatures around Tc ∼ 1 K [13]. The rather small
enhancement of the resistivity below Tm (just a factor of 2)
and the lack of spectral evidence of a gap makes it difficult
to reconcile this upturn with an insulating phase. The fact
that the resistivity is a decreasing function of temperature
above the superconducting transition is in contrast with
the superconducting transition in conventional metals but
is also observed in quarter-filled organic materials [14,15].
Understanding the unconventional metallic state, whether it is
a “bad” metal with incoherent excitations or not, may be crucial
to the mechanism of superconductivity in Li0.9Mo6O17.
Conventional charge density waves (CDWs) in solids
involve a modulation of the electronic density accompanied
by a crystal structure distortion. In Li0.9Mo6O17 the resistivity
upturn below Tm is not accompanied by a structural transition
as evidenced by high-resolution x-ray scattering, neutron
scattering [16], and thermal expansion [17] experiments.
However, observing a structural instability driven by Fermi
surface nesting requires a sufficiently large electron-lattice
coupling which may not be present in Li0.9Mo6O17 as observed
in other systems such as quasi-one-dimensional TMTTF
organic salts [18] or iron-based superconductors [19].
Here we present a microscopic theory for the unconven-
tional metallic properties observed in Li0.9Mo6O17. Based on a
minimal extended Hubbard model recently introduced [20,21]
we show that Li0.9Mo6O17 is close to a charge-ordering (CO)
transition driven by the Coulomb repulsion. Using the random
phase approximation (RPA), we identify the CO pattern
characterized by the ordering wave vector Q, which can be
different from a conventional 2kF CDW. We obtain the typical
temperature scale in the metal close to CO around which charge
fluctuations are significant. The dynamical charge suscepti-
bility displays a collective mode softening at momentum Q
signaling the proximity to CO. We propose measurements of
the dielectric constant [22], scanning tunneling microscopy
(STM) [23], nuclear magnetic resonance (NMR) relaxation
rate, 1/T1T , and quadrupolar relaxation rate [24] to probe the
T dependence, strength, and CO pattern of charge fluctuations
in Li0.9Mo6O17, testing our predictions. The charge collective
mode in the metallic phase can be explored with resonant
inelastic x-ray scattering (RIX). In analogy with the effect
of magnetic fluctuations in nearly antiferromagnetic metals,
charge fluctuations can also lead to the unconventional T
dependence of the specific-heat coefficient [13] and resistivity
[12,25] observed in Li0.9Mo6O17 assuming that the material is
in proximity but not necessarily at CO.
II. MODEL
In Fig. 1 we show the zigzag ladders consisting of Mo and O
atoms which lead to the characteristic quasi-one-dimensional
electronic structure of the material. The minimal strongly
correlated model which can capture the essential physics of
Li0.9Mo6O17 is a multiorbital extended Hubbard model [20]
which reads
H = H0 + HU, (1)
where H0 is the noninteracting tight-binding Hamiltonian
H0 =
∑
iα,jβ tiα,jβ(d†iασ djβσ + c.c.), where d†iασ creates an
electron with spin σ in a dxy orbital of a Mo atom, α,
which runs over four Mo atoms inside the unit cell of
the crystal denoted by i which is shown in Fig. 1. The
one-electron Hamiltonian can be expressed in terms of
Bloch waves: H0 =
∑
kαβσ tαβ(k)d†kασ dkβσ with the following
nonzero matrix elements [20]: t12(k) = t34(k) = −t⊥eik·δ⊥ ,
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FIG. 1. (Color online) Charge-ordering phenomena in the ex-
tended Hubbard model (1) for Li0.9Mo6O17. We show the crystal
structure of Li0.9Mo6O17 projected onto the b-c plane showing only
the Mo and O atoms forming the zigzag ladders relevant to the
low-energy electronic properties. The real-space charge-ordering
pattern consisting of alternating charge-rich (purple) and charge-poor
(magenta) Mo atoms arising in the U-V model is also shown.
t13(k) = −2t ′eik·δ1 cos( k·b2 ), t14(k) = −2tA(ka,kc) cos( k·b2 ),
t23(k) = −2tA(ka,kc) cos( k·b2 ), where A(ka,kc) =
e−i2π[0.1602ka+0.1542kc], δ⊥ = 0.17a − 0.31c, and δ1 =
0.01a + 0.53c. The momentum is expressed in terms
of the reciprocal vectors, (a∗,b∗,c∗), of the unit cell
coordinate system: k = kaa∗ + kbb∗ + kcc∗, and the
hopping parameters are taken as t = 0.5 eV, between the
nearest-neighbor Mo1 − Mo4 and Mo2 − Mo3 atoms along a
chain, t⊥ = −0.024 eV between Mo1 − Mo2 or Mo3 − Mo4
atoms in a rung of a ladder and t ′ = 0.036 eV between
Mo1 − Mo3 atoms in neighboring zigzag ladders (see Fig. 1).
The diagonalized Hamiltonian H0 =
∑
kμσ μ(k)d†kμσ dkμσ
leads to four bands denoted by μ, the two lowest ones crossing
the Fermi energy [20,26]. The Fermi surface close to one
quarter filling, n = 0.45, is shown in Fig. 2(a).
The Coulomb interaction terms in the Hamiltonian have
been described previously in [20,21] and read
HU =
∑
iα,jβ
U
iαjβ
iαjβ niαnjβ . (2)
This term only includes the density-density Coulomb interac-
tion contributions included in the extended Hubbard model.
The Coulomb matrix elements in momentum space, Uγδαβ (q) =
U
αβ
αβ (q)δαγ δβδ , have analogous expressions to the hopping
terms but with the diagonal Coulomb energies,Uαααα (q) = U/2.
Here, we consider the nearest-neighbor Coulomb interactions
with V = V⊥ within the zigzag ladders which we name the
U-V model and leads to the CO pattern in Fig. 1. The effect
of next-nearest, V ′, and third-nearest neighbors, V ′′, relevant
[20] to Li0.9Mo6O17 is also analyzed.
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FIG. 2. (Color online) Charge order instability induced by
Coulomb repulsion in the U-V model. (a) The Fermi surface obtained
from our effective model for Li0.9Mo6O17 is shown. (b) The static
charge susceptibility χc(q) along the (0, qb , πc/2 ) direction shows the
rapid increase of charge fluctuations at wave vector Q = (0, π
b/2 ,
π
c/2 )
associated with the Coulomb-induced CO occurring at VCO ≈ 0.8 eV.
The smaller structure at q = (0, π
b
, π
c/2 ) is related to Fermi surface
nesting at q = 2kF  π/b. All energies are given in eV.
III. MULTIORBITAL RPA APPROACH
The above model is analyzed based on a multiorbital
random phase approximation (RPA) approach. The RPA
charge susceptibility reads [27]
(χc)nplm(q,iω) = (χ0)nplm(q,iω) −
∑
uvwz
(χc)npuv(q,iω)
× (Uc)uvwz(q)(χ0)wzlm (q,iω), (3)
where the indices l,m,n,p refer to the four Mo dxy orbitals
present in the unit cell. ˆUc(q) is the Coulomb matrix appearing
in Eq. (2) expressed in momentum space. The noninteracting
susceptibility χ0 reads
(χ0)wzlm (q,iω) = −
2
N
∑
k,μ,ν
alμ(k)aw∗μ (k)amν (k + q)az∗ν (k + q)
iω + ν(k + q) − μ(k)
× [f (ν(k + q)) − f (μ(k))], (4)
whereN is the number of lattice sites, and ν,μ are band indices.
The matrix elements alμ(k) = 〈l|μk〉 are the coefficients of the
eigenvectors diagonalizing H0.
In Fig. 2 we show the evolution of the static RPA charge
susceptibility obtained from χc(q) =
∑
uw(χc)uuww(q,i0+)/2,
with the nearest-neighbors Coulomb repulsion V and U =
1 eV for the pure U-V model. The susceptibility is evaluated
along the (0, q
b
, π
c/2 ) direction in momentum space. The charge
susceptibility is enhanced with V particularly at the wave
vector Q = (0, π
b/2 ,
π
c/2 ), which corresponds to having alter-
nating charge-rich and charge-poor Mo atoms shown in Fig. 1.
This signals the charge-ordering transition associated with the
Coulomb repulsion (note that the unit cell defined by a,b,c
contains four Mo atoms). There is a smaller structure at about
(0, π
b
, π
c/2 ) associated with the nesting vector 2kF connecting
the different sections of the Fermi surface as shown in
Fig. 2.
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FIG. 3. (Color online) Phase diagram of the effective extended
Hubbard U-V model for Li0.9Mo6O17. The T-V phase diagram
obtained from RPA is shown for fixed value of U = 1 eV and varying
V . Charge-ordered (CO) and homogeneous metallic phases are
separated by the CO transition line, TCO, which displays “reentrant”
behavior. Tm is the temperature scale associated with the onset of
charge fluctuations. Fermi liquid (FL) and non-Fermi-liquid (NFL)
phases are separated by the crossover scale T ∗. The inset shows
the T dependence of Imχc(Q,ω) in the metallic phase close to CO
displaying the softening and enhancement of the charge collective
mode around Tm. All energies are given in eV.
A. Phase diagram
The T-V phase diagram for this U-V model is shown in Fig. 3
for U = 1 eV. The metallic and charge-ordered (CO) phases
are separated by a “reentrant” charge-ordering transition line
TCO. Such “reentrant” behavior is consistent [28] with previous
studies of the quarter-filled extended Hubbard model using
FLEX [29] and its extensions with vertex corrections [30]
DMFT [31] and exact diagonalization [32]. In the metallic
phase close to CO, where Li0.9Mo6O17 is presumably lo-
cated, charge fluctuations with Q = (0,π/(b/2),π/(c/2)) are
strongly enhanced (see inset of Fig. 3). A large enhancement
of low-energy spectral weight occurs signaling the formation
of a charge collective mode which softens and increases in
amplitude with decreasing T . Such T dependence of the
charge collective mode occurs down to Tm. At this temperature
such behavior is reversed; i.e., the collective mode hardens
following the “reentrant” shape of the transition line TCO.
Thus Tm sets the temperature scale at which charge fluctuations
associated with the Coulomb repulsion are significant even if
no “reentrance” is present in the phase diagram.
Based on our previous derivation of the microscopic model
[20] for Li0.9Mo6O17 we have extended Coulomb interactions
up to third-nearest-neighbors taking V ′ = 0.7V and V ′′ =
0.66V . The corresponding phase diagram for fixed U = 2 is
shown in Fig. 4. The metallic and charge-ordered (CO) phases
are separated by a “reentrant” charge-ordering transition line
TCO similar to the U-V model in Fig. 3. In the metallic phase
in proximity to TCO charge fluctuations become strongest at
the temperature scale, Tm. The main effect of V ′ and V ′′ is a
different CO pattern and strong suppression ofTCO andTm with
respect to the U-V model. This suppression can be attributed to
the CO frustration effects introduced by longer range Coulomb
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FIG. 4. (Color online) Phase diagram of an extended Hubbard
model including up to the third-neighbor Coulomb interactions
relevant for Li0.9Mo6O17. The T-V phase diagram obtained from
RPA is shown for fixed value of U = 2 eV and varying V for the
model including up to third-nearest-neighbor Coulomb interactions.
The phase diagram shows similar qualitative behavior to that in
Fig. 3 with suppressed energy scales due to CO frustration effects.
We also show here the low-temperature 2kF -type of instability
occurring at low temperatures. The critical value for the CO driven by
Coulomb repulsion is Vc = 0.66 as T → 0. The suggested location
for Li0.9Mo6O17 at ambient pressure is marked with a vertical arrow.
The system would effectively shift away from the CO transition under
pressure. All energies are given in eV.
repulsion. At low temperatures below the “reentrance” region
a 2kF -CDW type of instability with Q = (0,2kF ,2π/c) is
favored by V ′′.
We note that the CO pattern for the extended Hubbard
model, i.e., up to third-nearest-neighbor interactions, differs
from the one illustrated in Fig. 1. In fact at low temperatures
Q ≈ (0,π/b,2π/c) is of the type of the 2kF -CDW instability,
i.e., with an electronic modulation of four lattice spacings (the
distance between sites in the chains is b/2 in Li0.9Mo6O17).
This is because in the present parameter regime in which V =
1.51V ′′ < 2V ′′, electron configurations in which two neighbor
charge-rich sites alternate with two neighbor charge-poor sites
along a chain are stabilized. This is consistent with Hubbard
[33] predictions for quarter-filled Wigner chains in which
the convexity condition of the potential is violated. Hence,
the present Q ≈ (0,π/b,2π/c) CO pattern induced by longer
range Coulomb repulsion can be relevant to Li0.9Mo6O17
instead of the checkerboard pattern shown in Fig. 1. The
enhancement of a 2kF -type of CO instability induced by
long-range Coulomb interaction has been discussed in the
context of quasi-one-dimensional organic materials [34].
Close to the CO instability, electron scattering mediated
by dynamical charge fluctuations [35] influences normal
metallic properties. In analogy with nearly antiferromagnetic
two-dimensional metals the scattering rate displays NFL
behavior, 1/τ (T ) ∝ T , above T ∗ crossing over [36] to FL
behavior 1/τ (T ) ∝ T 2 below T ∗ (as obtained in Ref. [36] and
shown in Fig. 3). We expect that the particular T dependence
of charge fluctuations found here will lead to characteristic
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resistivity and specific-heat slope [13] enhancements around
Tm. Furthermore, we find that the phase diagrams in Figs. 3
and 4 agree qualitatively with key features of Li0.9Mo6O17.
Experiments under an external pressure [13,20] show how the
temperature for the resistivity upturn, Tm, is suppressed [25],
and T ∗ increases (see Fig. 3) stabilizing the FL state. This
is consistent with the phase diagram shown in Fig. 4, since
applying pressure is equivalent to driving the system into the
metallic phase. Since RPA overestimates broken-symmetry
states, renormalization due to feedback effects of the CO fluc-
tuations and electron localization will strongly suppress [30]
our TCO and Tm bringing them closer to experimental values.
B. Charge collective mode
In Fig. 5 we analyze Imχc(q,ω) as the system is driven
close to CO at low temperatures, T = 0.05, in the U-V
model. For noninteracting electrons, U = V = 0, spectral
weight is found in the particle-hole continuum with small
weight in the region between 0 and 2kF as expected for
quasi-one-dimensional systems. Once the on-site Coulomb
repulsion is turned on spectral weight is enhanced around the
highest energy branch of the particle-hole continuum due to
particle-hole excitations promoted by U . As V is increased a
redistribution of charge spectra around Q occurs in which
particle-hole excitations of lower and lower energies gain
weight. At V = 0.68 a collective charge fluctuation mode is
clearly resolved. Close to the CO transition, V  VCO, the
collective mode amplitude increases shifting to zero energy
signaling the Coulomb-driven CO transition. The behavior
found for Imχc(q,ω) close to CO can be understood from the
0 1 2 3 4 5 6
q
0
0.5
1
1.5
2
2.5
ω
0 1 2 3 4 5 6
q
0 1 2 3 4 5 60
0.5
1
1.5
2
2.5
ω
18
16
14
12
10
8
6
4
2
0
5
4
3
2
1
0 0
0.5
1
1.5
2
2.5
(b)  U=1 V=0
q
ω
0 1 2 3 4 5 60
0.5
1
1.5
2
2.5
(d)  U=1 V=0.79
q
ω
(a)  Im χ0 U=0 V=0
(c)  U=1 V=0.68
FIG. 5. (Color online) Imaginary part of the charge susceptibility
Imχc(q,ω) of the U-V model showing the emergence and softening
of the collective excitation as the interaction increases. (a) Noninter-
acting charge susceptibility Imχ0(q,ω) displaying the particle-hole
continuum, (b) a Hubbard-like interaction (U = 1 eV, V = 0), (c) an
interaction compatible with purple bronze phenomenology U = 1 eV,
V = 0.68 eV, and (d) close to the CO transition U = 1,V = 0.79 eV.
Temperature is T = 0.05 eV. All energies are given in eV.
singular part of the charge susceptibility in a two-dimensional
system: χc(q,ω) ≈ Aiω−ωq , with ωq = ω0 + C|q − Q|2, where
ω0 → 0 as the CO boundary is approached [35] and C is a
positive constant.
The dynamical charge response of the system, Imχc(q,ω),
can be experimentally analyzed using RIX. In particular, the
dispersion of the collective mode discussed above around
Q could be extracted probing the proximity of the system
to CO. Analogous plasmon softening around 2kF has been
observed with inelastic electron scattering on materials driven
close to a conventional charge density wave [37] instability.
Measurements of the real part of the dielectric constant of
the material could also track the enhancement of charge
fluctuations around the resistivity upturn as observed in quasi-
one-dimensional organic systems [22].
IV. CONNECTION WITH LUTTINGER LIQUID BEHAVIOR
There is extensive experimental evidence showing that
Li0.9Mo6O17 behaves as a Luttinger liquid at high temperatures
above Tm. The crossover temperature scale, TLL, at which
the crossover from one-dimensional to three-dimensional
metal occurs has been studied (see for instance [38]) in
the past. We first obtain various estimates that are relevant
to Li0.9Mo6O17. Assuming t⊥ = 0.03 eV, different available
estimates of TLL would predict TLL ∼ t⊥/π = 0.01 eV (Fermi
surface warping), t⊥ ∼ ( t⊥t )
1
1−α ∼ 0.0002 eV (weak-coupling
RG [39]), and TLL ∼ t⊥/2/π ∼ 0.005 eV (chain-DMFT [40])
suggesting that the Luttinger liquid survives to very low
temperatures. Since the RPA greatly overestimates TCO and
consequently Tm it is then possible that Tm is smaller than TLL
(as experimentally observed) when renormalization effects are
properly taken into account.
In order to study the dimensional crossover specific to the
present system, we consider model (1) and start from the limit
of decoupled ladders. We estimateTLL using the RG expression
for TLL = t( t⊥t )1/(1−α) (i.e., the most LL favoring of the three)
and a value of α given by
α = (Kρ− + K−1ρ− + Kρ+ + K−1ρ+ − 4)/8. (5)
The expressions used here are
Kρ± =
√
2πvf ∓ gρ±
2πvf ± gρ± , (6)
where the couplings expressed as a function of the model
microscopic interactions are
gρ+ = U + V‖[4 − sin(πx)] + 2V⊥ + V ′[4 + sin(πx)],
gρ− = V‖ sin(πx) − V⊥. (7)
Here V‖ = V⊥ = V and V ′ = 0.7V . The system is assumed
to be close to quarter filling and x is the doping. Note that
we start from the quasi-one-dimensional limit but otherwise
we are using the same microscopic model used to determine
the phase diagram. Results for TLL and α as a function of V
are presented in Fig. 6. Note that the present weak-coupling
RG analysis can predict LL exponents, α, consistent with
ARPES experiments using Hubbard parameters appropriate
for Li0.9Mo6O17. The corresponding TLL can be of the same
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FIG. 6. (Color online) Crossover temperature TLL and exponent
of the density of states α estimated as a function of the coupling V.
order of magnitude as Tm. However, more sophisticated
nonperturbative methods are needed to definitively draw con-
clusions about the predicted magnitude of TLL in Li0.9Mo6O17.
Finally, it is worth discussing the two different scenarios
which can arise depending on the relative values of Tm
and TLL [38]. If Tm > TLL, CO fluctuations modify the
LL properties before entering the superconducting state
directly from the LL. On the other hand if Tm < TLL then a
crossover from the LL to a NFL dominated by the critical
CO fluctuations occurs with lowering temperature, before
superconductivity sets in at even lower temperatures below
Tc. Our approach would be valid in the latter scenario
in which Fermi liquid behavior occurs below T ∗. In both
scenarios the high-T LL behavior is modified by the charge
fluctuations building in as T decreases until the system crosses
over to NFL behavior characterized by the critical charge
fluctuations. This NFL behavior is consistent with deviations
from exact LL predictions found in ARPES experiments [10]
at and below Tm. It is then an appealing open issue to analyze
the effect of charge fluctuations in ARPES starting from the LL
high-temperature regime and provide a unified picture merging
the Hertz-Millis and quasi-one-dimensional quantum critical
scenarios. However, this goes beyond the scope of the present
work which mainly identifies the mechanism responsible for
the unconventional metallic properties observed. Describing
the crossover from the LL to the present NFL dominated by
critical CO fluctuations requires more sophisticated theoretical
tools than the RPA approach presented here.
V. CONCLUSIONS
We propose a framework to describe the anomalous
metallic behavior of the quasi-one-dimensional Li0.9Mo6O17 at
temperatures T ≈ Tm around the resistivity upturn. The small
resistivity enhancement accompanied with a weak feature on
the specific heat are not consistent with an insulating state.
There are neither signatures of a structural distortion nor
convincing evidence of another phase transition. Our analysis
shows that these anomalies can be attributed to strong CO
fluctuations and manifest themselves through a low-energy
collective excitation directly visible in RIX. CO fluctuations
pinned by defects would also reveal themselves as a line
broadening of NMR spectra in analogy to observations in
cuprates [41] and NbSe2 [42]. Our analysis suggests that
Li0.9Mo6O17 around Tm can be a realization of NFL behavior
occurring between the high-temperature LL state and the low-
temperature Fermi liquid (or broken-symmetry phase). Such
NFL behavior is generic of quasi-one-dimensional systems
close to CO quantum critical points.
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